Aquaporins (AQPs) are members of the Major Intrinsic Protein (MIP) family that can transport water or glycerol, as well as other compounds. The rationale for substrate selectivity at the structural level is still incompletely understood. The information present in multiple sequence alignments (MSAs) can help identify both structural and functional features, especially the complex networks of interactions responsible for water or glycerol selectivity. Herein, we have used the method of Statistical Coupling Analysis (SCA) to identify co-evolving pairs of residues in two separate groups of sequences predicted to correspond to water or glycerol transporters. Differentially co-evolved pairs between the two groups were tested by their efficacy in correctly classifying a training set of MSAs, and binary classifiers were built with these pairs. Up to 50% of the residues found in hundreds of binary classifiers corresponded to only ten positions in the MSA of aquaporins. Most of these residues are close to the lining of the aquaporin pore and have been identified previously as important for selectivity. Therefore, this method can shed light on the residues that are important for substrate selectivity of aquaporins and other proteins. SCA requires a very large sequence dataset with relatively low homology amongst its members, and these requirements are met by aquaporins.
Introduction
Aquaporins are a family of small (28-30 kDa) pore-forming integral membrane proteins and are important actors of fluid homeostasis [1] . The ancient name of this family (major intrinsic proteins, MIP) derives from a protein, MIP26, found in mammalian lens fibers [2, 3] -now designated AQP-0. MIP homologs were later shown to function as water channels, hence the name 'aquaporins'. Generally, MIP homologs with exclusive water permeability are referred to as aquaporins (AQPs), whereas those permeable to both water and glycerol are referred to as glycerol facilitator proteins (GLP). In all aquaporins, transport is a passive mechanism driven by the concentration gradient. Aquaporins are found in all organisms, from bacteria to humans [4] [5] [6] [7] [8] [9] [10] , although with different distribution: whereas many eubacteria have a single AQP and a single GLP, there are 13 aquaporins in humans (AQP0-AQP12). Of these, 0, 1, 2, 4, 5, 6, 8 are water channels, 3, 7, 9, 10 are aquaglyceroporins, whereas 11 and 12 are termed 'superaquaporins' (reviewed in [11] ). However, the separation between these categories is blurred due to the multiplicity of substrates used by a given aquaporin. Indeed, aquaporins can permeate nitrate and chloride ions [12, 13] , ammonia [14, 15] , glycerol and urea [16] or toxic metalloids such as arsenite and antimonite [17, 18] . It has also been suggested that gases like CO 2 , O 2 and NO can be also permeated by aquaporins [19, 20] . In plants, MIP genes are particularly abundant; more than 35 different genes encoding aquaporin-like proteins are found in Arabidopsis thaliana [21, 22] .
Sequence identity is low in aquaporins; for example, between the human water channel protein AQP1 and the bacterial aquaglyceroporin GlpF, identity is less than 30.6% [23] . The first aquaporin member described was the 28 kDa protein of the human erythrocyte membrane, later renamed as aquaporin-1 (AQP1) [24] . Since then, structures of several MIPs have accumulated in the Protein Data Bank, e.g., mammalian aquaporins AQP0 [25] , AQP1 [26] , AQP4 [27] and AQP5 [28] , bacterial aquaporins GlpF [29] , AqpM [30] , AqpZ [31] , and plant aquaporins, e.g., SoPIP2 [32] . Aquaporins share a similar general structure, with six transmembrane (TM) domains connected by five loops (A-E), where both N-and C-termini are intracellular. The structure has two similar halves that probably arose by gene duplication [33] : TMs 1-3 form the so-called hemipore-1, and TMs 4-6 form hemipore-2. These two hemipores face each other inside the membrane, forming an hourglass-like shape. Loops B and E form short hydrophobic helices that penetrate into the membrane from opposite sides, and contain highly conserved NPA (Asn-Pro-Ala) motifs that are located in the center of the monomer pore and may participate in substrate selectivity [34] . MIPs are arranged as homotetramers, and each monomer functions independently as a pore.
The elucidation of the structure of aquaporins [35] and aquaglyceroporins [36] gave the first insights into their selectivity mechanisms [29] . Differences in channel selectivity [37] are determined by charge, polarity and size [38] . Mainly, there are two constriction points within the pore: the Asn-Pro-Ala (NPA) motif and the aromatic/arginine (ar/R) selectivity filter, which impairs the entry of high molecular weight substrates, and constitutes a checkpoint for uncharged molecules in both AQPs and aquaglyceroporins. The amino acids in and around that filter may provide hydrogen bonds that confer high selectivity for water transport [39, 40] and can also influence the polarity and the diameter of the pore. The divergence of these amino acids among MIP isoforms is thought to constitute the major difference between AQPs and aquaglyceroporins.
Multiple sequence alignments (MSA) of proteins constitute a rich source of information, such as residue conservation or hydrophobicity. Froger et al. [41] attempted to find key functional residues that separate the two groups of aquaporins on the basis of differences in physico-chemical characteristics at certain positions in MSAs. However, reversal of substrate specificity by point mutagenesis has only resulted in partial success [37, 42] . This suggests that selectivity is likely to reside in a complex network of interactions of residues, where some may not be in contact with the substrate.
More complex relationships in MSAs are detected when a residue co-evolution analysis is performed. The latter detects two or more positions in the MSA that may not be overall conserved, yet experience a synchronous change in composition, being indicative of functional or structural importance. Herein lays the main advantage of coevolution methods, which has applications in prediction of folding, interacting domain between two proteins, or binding/functional sites, where networks of correlated mutations appear.
Statistical Coupling Analysis (SCA) [43] is one of the methods available to discover co-evolving residues, and requires a large and varied dataset, i.e., hundreds of sequences with low conservation. As the number of MIP sequences available is very large, with up to 2035 proteins in 2009 in the Pfam database (http://pfam.sanger.ac. uk) [44] , it is therefore adequate for this analysis. In this method, statistical 'coupling' between two sites, i and j, (represented by two columns in the MSA) is detected if they exert mutual evolutionary pressure, which leads to a distribution of amino acids at positions i and j that deviates from the unconstrained distribution found for the whole MSA. Mutual dependence is measured by performing a 'perturbation experiment', where a subset of sequences in the MSA containing a certain amino acid at position i is selected. For this subset, if a coupling exists between sites i and j, a bias in the amino acid distribution at site j should be observed. The magnitude of this bias is quantitatively measured as a statistical coupling energy between these two sites [43, 45, 46] .
As in Froger et al. [41] , we attempt to find key functional residues that separate the two groups of aquaporins, water or glycerol transporters, but we do that by detecting co-evolving pairs of residues in either group, rather than by side by side comparison. As outlined above, we formed two groups of aquaporin sequences, classified previously with phylogenetic methods [34, 47] , and assigned to 'water channels' (AQP) or 'glycerol transporters' (GLP). For each class of sequences, we used SCA to search for coupled pairs, and those pairs that showed significantly different degree of coupling between the two groups, i.e., coupled in one group and uncoupled in the other, were thought to be likely important for function. The ability of the residues in those pairs to correctly classify aquaporin sequences in either of these two groups was used to test the relevance of those residues in representing that particular group, regardless of their functional meaning. For example, if a coupled pair was often found in the AQP group, but not in the GLP group, comparison of the amino acids in that pair with the amino acids in the interrogated sequence should lead to assignment of that sequence to the AQP group. We selected more relevant pairs from the pool by adding those that increased the accuracy of the classification. Our hypothesis was that the positions in the MSA represented by the coupled pairs of residues, which form a 'binary classifier', must represent key residue positions that determine substrate specificity. Comparison of these identified key residues with experimentally confirmed key sites related to water/glycerol selectivity and gating confirms our hypothesis.
Material and methods

Multiple sequence alignment (MSA) of aquaporin
The aquaporin sequences for the SCA analysis were obtained using BLAST searches against a non-redundant protein database. [48] (e b 0.001) was run for each of these 14 sequences to generate groups of more than 3000 homologous sequences for each type. Combining the results for these 14 sequences, and after removing identical sequences, a set with 3269 homologous sequences was obtained. Only those sequences that in their description of the database entries had been annotated as either "water transporters" or "glycerol facilitators" were selected, resulting in only 985 sequences. The first class contained 437 sequences, including AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, AQP8 and AQPZ. The second class contained 548 sequences, including AQP3, AQP7, AQP9, AQP10, and GLPF. Multiple sequence alignment (MSA) of these 985 sequences was performed using ClustalW [49] . Sequences with high identity (>90%) were removed from the set, leaving two groups of around 300 sequences each, of either "glycerol facilitator" or "water transporter" sequences. Finally, 219 sequences were randomly selected from each group so that both classes, glycerol facilitator and water transporters, contained the same number of sequences. To increase the significance of the coupling analysis, columns in the MSA (i.e., positions) containing more than 30% of gaps were not used during the calculations, leaving only 192 available columns in the MSA for analysis.
Statistical coupling analysis
As described previously [50] , the coupling between sites i and j is calculated as a statistical energy
, where f i (ai) is the frequency of amino acid a at site i, D j (aj) is the so-called 'relative entropy', a measure of 'positional conservation' of amino acid a at site j, and C ij is the reduced weight matrix which represents the positional correlation between sites i and j. All the calculations were performed using an adapted version of the SCA Toolbox distribution, SCA v3.0 [50] .
Comparison of residue coupling between the two classes
Coupling matrices were obtained from each of the MSA of the two groups of sequences, and were later compared. A schematic representation of the process is shown in Fig. 1 , where coupling matrices for water transporters (AQPs, Fig. 1A ) and glycerol facilitators (GLPs, Fig. 1B ) are compared, and the difference matrix between A and B ( Fig. 1C) represents pairs (i, j) with a high degree of coupling in one class (AQPs) and a low degree of coupling in the other (GLPs), or vice versa. Therefore, our hypothesis is that if a pair (i, j) appears in panel C, this pair may be important for substrate selectivity. For every pair of positions (i, j) in the MSA that showed high differential coupling (Fig. 1C) , we selected the two most frequently observed pairs of residues, e.g., for positions 30 and 120, we could select the pairs (A30, G120) and (H30, E120).
To confirm the relevance of these pairs of residues, we tested their ability to classify aquaporin sequences belonging to the two groups, and additional pairs were added to that initial pair in order to increase the accuracy of classification until no further improvement in accuracy was achieved. The pairs in that group constituted a 'binary classifier'. We note that although one possible approach would be to just combine these pairs into one large binary classifier, we found that such classifier showed low accuracy (not shown). Therefore, the binary classifier was formed by populating it with pairs one at a time, iteratively.
Classification of sequences
The classification of an aquaporin sequence with a binary classifier formed by N pairs of coupled residues was based on the S score,
S a , where N is the number of pairs in the classifier, and S a is the score of the sequence using the ath pair of the classifier. The score was calculated as:S a = δ(R pair a , W pair a ) − δ(R pair a , G pair a ) where R pair a is the pair of amino acids present at the two positions (i, j) in the aquaporin sequence being classified, whereas W pair a and G pair a are pairs of amino acids being tested, from either the water transporter MSA (W pair ) or the glycerol transporter MSA (G pair ). For example, if the pair (A30, G120) has been found with high abundance in water transporters, one would check the amino acids in the sequence to be classified at equivalent positions 30 and 120 in the MSA. Comparing the pair of residues in that sequence with the probe pair (A30, G120), S a is assigned +1 if the residues in the aquaporin sequence are identical to those of the probe pair, 0 if the pair of residues in the sequence does not match the probe pair, and −1 if they match the probe pair derived from glycerol transporters. Hence, S a is the subtraction of two Kronecker delta functions. A positive, negative, or 0 value for S determines that the sequence is classified as water transporter, glycerol facilitator, or ambiguous, respectively. The accuracy of the classification was calculated as:
where ACC is the accuracy, TP is the number of true positives, TN is the number of true negatives, FP is the number of false positives and FN is the false negatives.
Building a classifier using the selected candidate pairs
To build the binary classifiers, a 'training set' of 300 sequences was generated by randomly combining 150 sequences from each class, i.e., water transporters (AQP) and glycerol-facilitators (GLP). At the same time, a 'testing set' was generated by combining 30 sequences taken randomly from either class, using sequences not included in the 'training set', i.e., no overlap existed between 'training set' and 'testing set' sequences. The first pair of residues to be included in the binary classifier was selected by choosing the pair with highest accuracy in the classification of the training sets. From the pool of candidate pairs, a new pair was added iteratively to the binary classifier only if it increased the previously achieved accuracy (see Fig. 2 ). This was repeated with available candidate pairs until the accuracy of the binary classifier could no longer be increased by addition of more candidate pairs. Each classifier was thus formed by a group of residue pairs. When the above procedure was repeated starting from a different 'training set' of aquaporin sequences, a different binary classifier, i.e., formed by different pairs, usually was obtained. The building procedure was repeated 1000 times to ensure no classifier was missed, which resulted in 718 classifiers with a high degree of overlap between them. Fig. 1 . Schematic representation of the method used to detect differentially co-evolved pairs of residues. (A), SCA matrix corresponding to the water transporter class (AQP); (B), SCA matrix corresponding to the glycerol facilitator class (GLP). High degree of coupling in A and B is shown by intensity of red and blue squares, respectively; (C), Difference between matrices A and B (gray squares), showing the candidate pairs to be used for generating binary classifiers. Fig. 2 . Flow chart of binary classifier generation. The pool of candidate pairs was tested against a training set, and only pairs that increased accuracy in classification were added to a growing binary classifier. This cycle was restarted 1000 times. Each cycle, a new binary classifier was obtained, which contained a number of coupled pairs (elements).
Results and discussion
Generation of binary classifiers
As described in the Material and Methods section, we selected the coupled pairs that best represent the two phylogenetically formed groups of sequences by testing their efficiency in classifying aquaporin sequences into the AQP or the GLP group (Fig. 2) . By repeating the training to obtain classifiers 1000 times, a total of 718 different classifiers were obtained, each comprising of 2 to 8 coupled pairs (henceforth referred to as elements), although most classifiers (659 out of 718) contained only 3 to 5 elements (Fig. 3A) . The accuracy of these classifiers ranged was 88-93%, which is comparable to classification methods such as decision trees [51] , discriminate analysis [52] , neural networks and support vector machines, which range from 86% to 97% [53] [54] [55] [56] [57] . However, we stress the point that our objective here was neither to classify aquaporin sequences, nor to determine substrate selectivity in those sequences. The goal was to assess the ability of the coupled pairs chosen to represent either group of pre-classified aquaporins. It is for this reason that we have not used sequences that are classified as ambiguous, because they would not provide the desired supervisory signal. We also note that, in this study, the classification is carried out only in a subspace of aquaporin substrate selectivity. This means that there may be many other selectivities (for other substrates) which for simplicity we have not considered. To account for possible wrongly classified sequences, we introduced a percentage of 'wrong' sequences in the training set. We found that the overall accuracy remained at a high level, especially when the percentage of 'wrong' sequences was below 10% (not shown).
Although we found that accuracy increased with the number of elements, accuracy could not increase further when the number of elements was higher than 8 (Fig. 3B) . The number of non-identical binary classifiers, i.e., those with at least one non-common element, increased almost linearly when increasing the number of trials (Fig. 3C) . However, after a certain number of classifiers had been obtained, new classifiers were simply combinations of previously found ones, therefore they did not contribute to find new coevolved pairs from the pool. The accuracy in classification of these binary classifiers ultimately depended on the precise combination of the elements forming the classifier and the order in which they were tested, i.e., total accuracy was not an additive property of the elements forming the classifier. Therefore, the best binary classifier was not formed necessarily by a combination of the elements that individually produced more accuracy.
Identification of key residues that determine water versus glycerol permeability
Out of the 192 MSA positions included in the analysis, only 134 (~69%) were represented in at least one of the 718 binary classifiers found. Further, after 1000 trials, the number of positions in the MSA that accounted for 90% and 50% of all the elements found in all the classifiers was 54 and 10, respectively (Fig. 3D) . In contrast, the other 50% of the elements found in the classifiers could only be formed by combination of another 132 MSA positions. These numbers were almost unchanged from 100 to 1000 trials (Fig. 4E) . The 10 MSA positions referred to above (Table 1) were assumed to have a key role in the determination of substrate permeability and were analyzed in more detail.
Physico-chemical differences of ten key residues between AQP and GLP sequences
We speculated that these 10 positions would show different amino acid distributions in the groups AQP and GLP (Fig. 4) . At some positions, e.g., 26, 102, 144, 160 and 164, the differences in distribution for charged, polar and hydrophobic amino acids is evident. However, the distribution of amino acids was still markedly different at other positions, despite grouping into 'families' results in apparently similar patterns. For example, at position 22, Val, Leu or Ile appeared in~65% of the sequences in the AQP class, whereas in the GLP class this position was occupied by the smaller side chain Ala iñ 66% of the sequences. Also, at position 172, proline was present in 67% of AQPs, but in GLPs the most common residues were Phe (56%) and Tyr (27%). The importance of these residues may be due to the alteration of the electrostatic potential in the channel, or by the imposition of steric constraints to the passage of molecules. It is therefore reasonable to suspect that these residues may be close to the lining of the pore in the aquaporin monomer. Indeed, this is the case (Fig. 5) for the water transporter human AQP4 (3GD8 [58] , panels A-B), or for the E. coli glycerol facilitator, GlpF (1LDA [29] , panels C-D). All residues corresponding to those MSA positions are located within 9 Å from the lumen of the channel in the two structures (see Table 1 ), and the percentage of residues within~5 Å to the lumen is 80% in the AQP4 structure, and 40% in the GlpF structure.
Topological location of identified MSA positions
A striking feature of the topological representation of the ten key residues (Fig. 6 , dark blue dots) is that only one them (K83 in GlpF) is located in the cytoplasmic half of the protein. The number of key residues obtained depends on the cut-off applied in the analysis of non-redundant classifiers. Therefore, ten more positions were identified with a less stringent cut-off. However, even considering the next ten more relevant MSA positions (37, 43, 44, 50 , 100, 136, 151, 154, 156 and 163, equivalent to GlpF residues W48, M54, A55, G61, F135, I183, T198, A201, N203 and P210) most are found in the 'extracellular' half of the protein, in loops A, C and E, C-terminal NPA and ar/R motifs (Fig. 6, light blue dots) . Thus, despite the structural arrangement of aquaporins as two hemipores, aquaporins seem to be asymmetrically organized, with an extracellularly oriented face being more involved in substrate selectivity.
Biological relevance of the ten key residues
The residues in these ten key positions showed couplings to residues in several other positions in the MSA, but for simplicity, only 'internal' couplings, i.e., amongst the 10 key positions are shown in Fig. 7A . Residues located at several of these ten positions in the MSA have already been identified by other authors as crucial for substrate selectivity. 
Table 1
The ten key residue positions in the MSA. Equivalence of these positions in GlpF and in AQP4 for reference, and distance to the lining of the channel in both proteins. For structure 1LDA, residue 30 was in a gap in the MSA and therefore it was not included. 
Positions 22, 26 and 30
The functional importance of residues at positions 22, 26 (30A and 34 V in GlpF) and 30 needs to be experimentally confirmed. In GlpF position 30 is not represented, as there is a gap at this position in the alignment (Table 1) .
Position 69
Position 69 (83 K in GlpF) is located in loop B and is contiguous to S115 in spinach aquaporin SoPIP2;1. Phosphorylation of S115 increases water transport activity by disrupting interactions between loop D, loop B and the N-terminus [59, 60] . Not surprisingly, this position was found to be the most distant to the channel lumen (8.8 Å) in the GlpF crystal structure, 1LDA (see Table 1 ). Therefore, the reason this residue has been detected in our analysis is unlikely to be due to its contribution to selectivity, via electrostatic or steric effects. Rather, this may obey to the existence of different gating mechanisms present in water channels relative to glycerol transporters. Indeed, phosphorylation, one of the possible mechanisms of aquaporin gating, has been observed in aquaporins 1, 2 4 and 5 (all water transporters [61] ), and it takes place at conserved extramembrane serine residues.
Another gating mechanism is through activation by low pH via His protonation (e.g., H193 in loop D in SoPIP2;1 [62] ), but we could not identify any position in loop D in our analysis. One possible explanation is that this mechanism of activation is present in members of both types of aquaporins, although not in all of them. The same rationale may also apply to regulation via cation binding, which takes place at cytoplasmic loops, because with the exception of position 69 we could not detect any position in these regions. Indeed, cation regulation has been observed in water channel aquaporins AQP1 and AQP4, but also in the aquaglyceroporin AQP3 [61] . Finally, a side chain conformational change has been proposed as a gating mechanism, (mediated by R189 in E. coli Aquaporin Z) [63, 64] , although the significance of this has not been proved physiologically. This residue (R206 in GlpF) is very well conserved in all aquaporins, and therefore it cannot be detected by our analysis, but it is contiguous to key position 160 (D207 in GlpF, see Table 1 ). Nevertheless, the fact that it is so well conserved suggests that if it has any regulatory role, it would be common to both types of aquaporins.
Position 102
Position 102 is equivalent to residue T137 in GlpF. This Thr residue is part of the FST triad (FAT in mammals), a highly conserved motif in aquaglyceroporins located close to the pore [36] . A study that compared E. coli GlpF (FST motif, higher permeability to glycerol) and an aquaporin from Plasmodium falciparum (equal transport of water and glycerol) that contained a WET motif, showed that mutation E125S abolished water permeability [65] . Thus it is likely that both S and T in that motif are important for water/glycerol selectivity, although we could not detect MSA position 101 (corresponding to GlpF S136) in our analysis. Nine of the ten key residues are underlined. Also shown (not underlined) are six residues from of the next ten, which are also located in that part of the molecule. The important residues F200 and R206, which are part of the ar/R motif, are also shown (green). The TM numbers are indicated, and the row of dots represents the E loop, containing the C-terminal NPA motif.
Positions 111 and 160
Positions 111 and 160 (E152 and D207 in GlpF) correspond to highly conserved pore lining residues belonging to the selectivity filter.
Position 144
Position 144 is equivalent to the lumenally exposed His in water channels human AQP4 and E. coli AQP Z (H201 and H174, respectively). In fact, a histidine at that position is a signature of water-selective channels; this residue is directly involved in the selectivity filter, increasing hydrophilicity and also reducing the channel diameter to 1.5 Å in AQP4 [58] . The GLP class contains Gly in~61% of the sequences at this position. In GlpF (G191), this small residue allows the placement of a phenylalanine (GlpF F200) side chain into the filter that contributes to generate a hydrophobic pocket opposite to the conserved arginine (GlpF R206) [66] . Thus the side chain of F200 substitutes the small threonine and alanine side chains present in Aqp Z and AQP4, respectively.
Positions 160, 164 and 172
In an early sequence analysis [41] , five positions were identified corresponding to amino acids conserved in both aquaporins and glycerol channels, which had different physico-chemical properties in the two groups. These positions were named P1-P5 (in human AQP1, T116, S196, A200, F212 and W213, respectively). Three out of these five positions, P2, P3 and P4 are also identified in our current study, and correspond to MSA positions 160, 164 and 172. Position 164 (P3) is equivalent to residue K211 in GlpF, which is in close contact with Ser and Thr sidechains of the FST triad [36] . Mutants of insect aquaporin AQPcic were tested for permeability to water or glycerol, and a mutant in the pair P4, P5 (Y222P/W223L) lost its ability to transport water, acquiring glycerol transport properties [37] . Y222 (P4) in AQPcic corresponds to key residue position 172 in our MSA. Other AQPcic mutants tested at the two residues corresponding to our MSA positions 160 and 164, S205D (P2) and A209K (P3), did not show any increase in glycerol permeability, but a drop in water permeability.
The above experiments showed only partial success in changing substrate specificity and suggest that mutagenesis studies cannot violate existing evolutionary constraints, i.e., any one key position may not be able to modify substrate selectivity if one or more coupled position is not changed simultaneously.
Prediction of physical contacts in aquaporins
Although it is out of the scope of this manuscript, selecting those coupled pairs common to both groups, i.e., water and glycerol transporters, should point to residues important for structural stability, or perhaps common gating mechanisms. In this respect, correlated mutations have been used in the past to predict protein structure, by analyzing patterns of residue replacements in evolutionary trees [67, 68] . An accuracy of~50% was obtained for prediction of physical contacts in water soluble proteins by comparing similarity matrices calculated at each position in an MSA [69] . The latter approach was used to predict physical contacts in 46 diverse aquaporin sequences, by restricting candidate pairs to those expected to be less tan 10 Å apart in the z direction, i.e., normal to the membrane plane [70] . However, many of these pairs did not represent physical contacts. In fact, using seven different algorithms (SCA one of them) to predict contacts in 14 membrane proteins using correlated mutations [71] , prediction accuracy was not higher than 50%, and in globular proteins, this value was not higher than 20% [72] . Thus, many co-evolving pairs, whether contributing to functional or structural stabilization, correspond to spatially distant locations. In our study, in contrast, given that all aquaporins are structurally similar, we have attempted to filter out those contributions that are structural, by focusing only on those pairs that are biased towards one or the other aquaporin groups. This results in an enrichment of functionally relevant couplings. We show that most of these residues are close to the functional part of the aquaporin, i.e., the channel lumen, which validates our initial assumption.
Conclusion
We have used SCA analysis to find differentially co-evolved pairs in two phylogenetically classified groups of aquaporin sequences to build, iteratively, a number of non-identical binary classifiers. As much as 50% of the elements within these classifiers correspond to only ten key positions in the MSA. The residues at these positions are located near the lumen of the aquaporin pore, and their functional relevance is confirmed in several cases by available functional data. This analysis has also revealed that most of these residues are located in the extracellular half of aquaporin, highlighting the asymmetry of the molecule despite its apparently symmetric organization in two hemipores. Lastly, these results predict that mutagenesis studies to change permeability should be performed in co-evolved pairs, and that unsuccessful attempts using single or not co-evolved residues may be explained by the violation of evolutionary constraints.
